We report on the coherent optical response from an ensemble of (In,Ga)As quantum dots (QDs) embedded in a planar Tamm-plasmon microcavity with a quality factor of approx. 100. Significant enhancement of the light-matter interaction is demonstrated under selective laser excitation of those quantum dots which are in resonance with the cavity mode. The enhancement is manifested through Rabi oscillations of the photon echo, demonstrating coherent control of excitons with picosecond pulses at intensity levels more than an order of magnitude smaller as compared with bare quantum dots. The decay of the photon echo transients is weakly changed by the resonator indicating a small decrease of the coherence time T2 which we attribute to the interaction with the electron plasma in the metal layer located close (40 nm) to the QD layer. Simultaneously we see a reduction of the population lifetime T1, inferred from the stimulated photon echo, due to an enhancement of the spontaneous emission by a factor of 2, which is attributed to the Purcell effect, while non-radiative processes are negligible as confirmed from time-resolved photoluminescence. Light-matter interaction in photonic nanostructures attracts strong attention in all areas of optics. Efficient coupling at the nanoscale plays a decisive role for realization of single photon emitters and other nonclassical light sources of importance in quantum information technologies.
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1,2 Various structural concepts based on photonic crystals, patterned microcavities or plasmonic structures have been intensely studied in that respect.
3 Another interesting system is a Tamm-plasmon (TP) resonator in which confinement of the optical field is obtained between a distributed Bragg reflector (DBR) and a thin metal layer, leading to the appearance of a TP photonic mode.
4
In addition, TP structures support surface plasmon polaritons (SPPs), evanescent electromagnetic waves at the metal-semiconductor interface which can propagate along this interface. Especially interesting in such a system is the coupling between SPPs and TP cavity modes.
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Therefore these structures are appealing for generation of SPPs via optical or electrical pumping of a close active layer containing, e.g., semiconductor quantum dots (QDs). In general, the integration of semiconductors into plasmonic circuits is appealing for compensating losses or switching in these circuits. Furthermore, the metal mirror may be used as an electrode to apply a bias voltage for controlling the charging state of the QDs or pumping the optically active layer electrically. 10 As active material in the resonator single or multiple quantum well (QW) [8] [9] [10] [11] or QD 12,13 layers as well as organic materials 14,15 were used. So far, efforts have mainly been focused on timeintegrated and time-resolved studies of the emission under non-resonant excitation. Thereby the Purcell effect of single QD excitons coupled to a localized TP mode,
12
enhancement of the spontaneous emission 13 and coherent laser emission 9,14 were demonstrated.
Coherent spectroscopy such as transient four-wave mixing (TFWM) is a powerful tool for investigating the nonlinear optical phenomena and coherent dynamics of optical excitations confined in semiconductor nanostructures. 16 It allows one to study ensembles of light emitters and to perform direct measurements of their times for dephasing, decoherence, and population decay. Moreover, in the strong field regime Rabi oscillations can be used for direct evaluation of the light-matter interaction strength. TFWM and twodimensional Fourier spectroscopy were used to investigate the coherent optical response of exciton-polaritons in QW and QD based microcavities with high quality factors (strong coupling regime).
2,17,18 QDs were also implemented in low quality DBR-based cavities in order to increase the strength of TFWM signal and to study the corresponding coherent optical phenomena. [19] [20] [21] However, to the best of our knowledge there are no studies of the nonlinear optical phenomena under resonant excitation in TP resonators.
The unique feature of TP structures is the possibility to use an arbitrary in-plane design of a metallic layer on top of the semiconductor. Covering only a part of the sample with a gold film allows comparison of the strength of light-matter interaction within the same QD ensemble so that size distribution and QD density remain the same. Here, we show that the coherent optical response of planar QD-TP structures to picosecond laser pulses occurs in form of photon echoes (PEs): (i) The magnitude of the PE signal and its dependence on excitation intensity differ drastically from bare QDs. From Rabi oscillations we estimate the enhancement factor for the driving optical field in the TP structure. (ii) From two-pulse and three-pulse PE transients we evaluate the decoherence and population decay times of excitons in the TP microcavity and compare them with bare QDs.
The investigated structures and experimental approach are summarized in Fig. 1 . The sample was grown by molecular-beam epitaxy on a GaAs (001) semiinsulating substrate. It comprises 20 pairs of λ/4n GaAs/AlAs layers forming the back DBR mirror with the stop-band located in the spectral region of interest (∼ 1.2 − 1.4 eV). A single (In,Ga)As QD layer in the GaAs cavity layer is located about 125 nm above the DBR and 40 nm below the surface. The thickness of the GaAs layer d w beneath the QDs is slightly varied by a wedge design which allows tuning the cavity resonance by the position of the excitation spot along the gradient axis x (see Fig. 1(a) ). Half of the sample is covered with a 40 nm thick gold layer, which leads to formation of the TP photon mode.
The QD layer is located at the maximum of the electric field distribution, 40 nm away from the gold layer (see Fig. 1(b) ). It is close enough to the gold to ensure that the coupling to the TP mode is strong, but far enough so that quenching of the photoluminescence (PL) due to surface states, in particular at the uncovered surface, does not occur. The QD density is about 2 × 10 9 cm −2 , their height and lateral sizes before overgrowth are about 2.3 nm and 25 nm, respectively. 22 In order to prevent tunneling of photoexcited carriers into the metal layer, a 10 nm Al 0.2 Ga 0.8 As barrier was introduced between the QDs and the surface (20 nm below the surface). We also studied structures with a single layer of (In,Ga)As QDs which is embedded in a GaAs λ microcavity of similar quality factor formed by two DBR mirrors.
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The low temperature (T = 2 K) photoluminescence spectrum from the bare QDs under non-resonant excitation with photon energy ω exc = 2.33 eV shows a broad spectral band centered at about 1.35 eV ( Fig. 1(c) ). The large inhomogeneous broadening of ∼ 100 meV originates from fluctuations of QD size and composition in the ensemble. The emission from the same part of the sample, but covered with gold shows a resonant enhance-ment of the PL signal around the photon energy of the cavity mode. The PL has a significantly narrower bandwidth with a full width at half maximum (FWHM) of only 12 meV. The maximum of the PL peak and its width correspond to the dip in the cavity reflectivity spectrum ( Fig. 1(d) ). The latter is attributed to a TP photonic mode with energy ω TP = 1.36 eV and width ∆ = 10.5 meV, corresponding to a quality factor of Q = 130. Calculations using the transfer matrix method are in good agreement with the measured reflectivity spectrum for d w = 118 nm. The expected enhancement factor of the light intensity at the position of the QD layer is 34 (see Fig. 1(b) ).
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The coherent optical response is measured using degenerate TFWM with a sequence of three spectrally narrow ps-pulses in non-collinear reflection geometry as shown in Fig. 1(a) . A mode-locked tunable Ti:Sa laser with a repetition frequency of 75.75 MHz was used as source of the optical pulses. Pulse 1 with wavevector k 1 hits the sample at an incidence angle of 6
• while the following pulses 2 and 3 hit the same spot at 7
• (k 2 = k 3 ). The beams are focused into a spot with a diameter of approx. 200 µm. The sample is kept at T = 2 K. The transients are measured by taking the cross-correlation of the TFWM signal E FWM (t) with the reference pulse using heterodyne detection. 23 The spectral width of the optical pulses of 0.8 meV is significantly smaller than the width of the resonator mode, i.e. the lifetime of the TP mode in the microcavity is shorter than the pulse duration of τ d = 2 ps. At zero magnetic field resonantly excited QDs can be considered as isolated two-level systems. Note that excitation of few-particle complexes such as biexcitons is excluded because the spectral width of the laser line is below the biexciton binding energy of about 2 meV. From these parameters we expect that the TFWM signal is determined by photon echoes due to the inhomogeneous broadening of the optical transitions in the QD ensemble. In the case of the TP microcavity the broadening is given by the spectral width of the photonic mode. 20 An example of the TFWM signal measured under resonant excitation in the TP mode is shown in Fig. 1(e) . Here, the delay time between pulses 1 and 2 is set to τ 12 = 13 ps, while the delay time between pulses 2 and 3 is τ 23 = 20 ps. In full accordance with our expectation, we observe spontaneous (PE) and stimulated (SPE) photon echoes which appear exactly at time delays of t = 2τ 12 and t = 2τ 12 + τ 23 , respectively. In addition, Fig. 1(f) demonstrates that the PE pulse appears at twice the delay between pulses 1 and 2. In what follows, we consider the maximum value of the PE amplitude at the peaks of the PE, P PE , or the SPE, P SPE , signals.
The dependence of the PE amplitude on the intensity of the excitation pulses can be used to compare the strength of light-matter interaction in both systems. For simplicity we consider the dependence of the twopulse PE on the energy of second pulse, P 2 , shown in crocavity, respectively, for identical experimental conditions. Strong inhomogeneous broadening of optical transitions can lead to a significant modification of the photon echo transients when the energy of the first pulse is scanned. 20 First, in the TP microcavity one achieves significantly stronger PE amplitudes for low pulse energies P 2 ≤ 0.1 nJ. Second, in the TP microcavity one observes a non-monotonous behavior which resembles the one expected for Rabi oscillations. Both features indicate a considerable enhancement of the light-matter interaction in the TP cavity which allows us to work in the nonlinear regime already at moderate intensities.
For isolated two-level systems in absence of decoherence processes and when optical pulses with rectangular intensity profile are assumed the amplitude of the PE follows the simple relation
where Ω 2 = 2|E 2 d|/ is the Rabi frequency which is determined by the electric field amplitude of the second pulse E 2 and the dipole matrix element of the two-level system d. In our case τ d is fixed while E 2 ∝ √ P 2 is varied.
We use this expression to evaluate the electromagnetic field amplitude inside the microcavity E TP−QD 2
. This approximation should be valid also in the strong field limit because the lifetime of the cavity mode is the shortest time scale compared to the duration of the excitation pulses and the radiative lifetime in the QDs. For P 2 ≤ 0.15 nJ the PE oscillatory behavior in the TP-QD structure is reasonably well reproduced by Eq. (1) with the π-rotation occuring at P 2 ≈ 0.06 nJ. However, for larger pulse areas significant damping of the Rabi oscillations takes place. This is mainly due to a statistical distribution of the dipole moments d in the QD ensemble which results in a variation of the pulse area Θ = Ω 2 τ d and blurring of the Rabi oscillations. 24 Assuming a Gaussian distribution with a standard deviation σΘ centered around Θ 0 we obtain
The best fit to the experimental data is obtained for σ = 0.3 as shown by the solid curve in Fig. 2(b) . This value is in good agreement with previous results on similar QD ensembles. 24 In addition other mechanisms such as the interaction with acoustic phonons can lead to damping of the Rabi oscillations. The latter is expected to be strongest for pulses with durations of several ps as used in our experiment.
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In contrast to the TP microcavity structure, the P PE for the bare wafer follows a quadratic dependence on √ P 2 which indicates that the pulse area is significantly below π even for pulse energies as large as P 2 ≈ 0.5 nJ. Thus a significant enhancement of the light-matter interaction is clearly present in the TP cavity. Direct comparison of the intensities allows us to estimate the enhancement factor of the electromagnetic field for coherent excitation of the QDs. Taking into account that the PE signal depends on both P 1 and P 2 , we estimate that the pulse area in Eq. (1) is enhanced by a factor of 6, i.e. the amplitude of the electromagnetic field E TP 2 ≈ 6E b 2 . This is in accordance with the calculated increase of the light intensity by a factor of 34 in the TP microcavity as compared with the bare QD system (see Fig. 1(b) ).
Let us now consider the transient decay of the photon echo signal which gives insight into the coherent dynamics and the relaxation processes in the QD systems. The dependences of the PE and SPE amplitudes on the pulse delays τ 12 and τ 23 are presented in Figs. 3(a) and 3(b) , respectively. The PE decay reflects an irreversible loss of optical coherence (i.e., of the medium's polarization) due to interaction of the two-level systems with the environment and/or radiative damping. It follows from Fig. 3(a) that the signal can be described by a double exponential decay P PE ∝ A exp (−2τ 12 /T Table I ).
The SPE decay gives insight into the population decay dynamics and allows the evaluation of the exciton lifetime T 1 . Here, we obtain for the bare QDs T ≈ 300 − 400 ps. The latter value has approximately the same magnitude as for bare QDs. From the comparison we conclude that the exciton coherence in the bare QDs is somewhat reduced by charges at the surface 40 nm separated from the dot layer. The gold layer of the TP cavity induces further decoherence which can be attributed to the interaction between excitons and plasmons.
The lifetime measurements deduced from the SPE in Fig. 3(b) show that for the TP microcavity T 1 is approximately halved compared to the bare QDs. This shortening most likely is due to the Purcell effect.
12 However, we have to consider also non-radiative processes due to tunneling of photoexcited carriers from the QDs into the nearby metal as potential origin. Further insight can be obtained from PL transients measured using a streak camera for below-barrier pulsed excitation with photon energy ω exc = 1.494 eV. These measurements are shown in Fig. 3(c) . The PL signals decay with lifetimes τ b 0 = 1350 ps and τ TP 0 = 590 ps for the bare QDs and the TP structure, respectively. Interestingly, the PL decay times τ 0 are significantly larger as compared to the T 1 -values from the SPE decay. Indeed, the two techniques measure different population dynamics. The PL from the ground state is an incoherent process after relaxation of the involved carriers. While the rise time of this signal is in the few ten ps-range, the PL decay time is significantly extended by several factors. For the chosen conditions a carrier reservoir is excited also in the wetting layer, from where carriers have to be transferred to the QDs. After being captured by the dots, relaxation can occur either by phonon emission or by carrier-carrier scattering. In the latter case a carrier, for example an electron, relaxes at the expense of the other carrier, the hole. Thereby populations in higher states and potentially even again in the wetting layer are created slowing down the carrier recombination. In contrast, SPE is a coherent phenomenon following resonant excitation. If for some reason exciton relaxation occurs, it will not contribute to the echo signal. Non-radiative processes lead to shortening of the lifetime. PL transients with extended dynamical range allow us to give an upper estimate for the non-radiative rate, τ −1 NR , in the TP microcavity which should contribute to the SPE decay rate. The exciton decay rate can be written as τ Then from τ 0 = 590 ps, the lower limit for the non-radiative decay time is τ TP NR ≥ 1 ns in the TP microcavity. Therefore the shortening of T 1 from the 350 ps in the bare QDs to the 170 ps in the TP microcavity cannot be initiated by non-radiative processes, but has to be attributed to the Purcell effect with an enhancement factor of about 2.
Acceleration of the spontaneous emission rate T −1 1 by a factor of 2 represents a significant change of the radiative emission dynamics. In λ/2 microcavities with ideal planar metal mirrors the Purcell factor is limited to 3, while in structures with DBR mirrors the modification of the spontaneous emission rate is typically smaller than ±20%. 31, 32 For planar resonators the spontaneous emission becomes mostly redistributed spatially, while the vacuum field becomes only weakly squeezed leading to a moderate enhancement of the local density of photon modes and the associated emission rate at best. In our case, in addition SPPs may become relevant for the shortening of T 1 . On the other hand, the resonator-induced enhancement of light-matter interaction is much stronger for resonant excitation of coherent processes which is related to the selective excitation of the contributing quantum dots.
In conclusion, we have demonstrated that the coherent optical response from self-assembled (In,Ga)As QDs embedded in a TP planar microcavity is given by photon echoes. Despite the low quality factor of about 100 we demonstrate a substantial enhancement of the selective optical excitation of QDs whose optical transitions are in resonance with the TP cavity mode. The intensity of the driving optical field is amplified by more than one order of magnitude. Such enhancement allows to observe Rabi oscillations in the photon echo and to perform coherent control of excitons with picosecond optical pulses of moderate intensities, while the statistical distribution of dipole moments still represents a significant problem. The decoherence and population dynamics of excitons in TP structures also experience modifications. We observe a decrease of the radiative recombination time from 350 to 170 ps due to the Purcell effect. The presence of the metal layer gives rise to pure dephasing of the QD excitons with characteristic times of about 200 ps to 400 ps so that pure dephasing remains quite weak. We note that the metal layer at the top of the TP microcavity can be used to control the charge state of QDs electrically.
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Therefore, such structures are appealing for investigation of long-lived photon echoes from charged QDs where the decay rate is governed by the spin relaxation of the resident electrons. 33 We are grateful to M. Glazov 
APPENDIX -SAMPLE OF TAMM-PLASMON STRUCTURE AND SIMULATION METHOD
The composition of the TP structure is presented in Table II . During the growth process substrate was rotated in order to produce homogeneous thicknesses of the layers. The substrate rotation was interrupted for the mode matching layer which resulted in a gradient of thickness of this layer. Owing to this gradient it was possible to tune the spectral position of the photon cavity mode on that part of the sample which was coated with a 40 nm golden layer.
In order to simulate optical properties of the studied TP structure the transfer matrix method was used. In calculation, normal light incidence was considered. The thickness of the mode matching layer was adjusted to get an accordance of the simulated reflection spectrum to the measured one. Resultant spectrum shown in Fig. 4 gives quality factor Q ≈ 170, which is somewhat greater than measured value of 130.
Exactly at the center of the photon mode (E = 1.3607 eV) the distribution of field intensity inside the structure was calculated for the case of TP structure and for the structure without top golden layer. This calculation is shown in Fig. 5 together with the refractive index distribution inside the structure. Enhancement of field intensity at the location of QDs layer is 34. * matthias.salewski@tu-dortmund. 
